Abstract-A novel high-performance millimeter-wave multilayer dual-mode filter is developed based on the substrate integrated waveguide circular cavity (SICC). The filter with two or three SIW circular cavities has been designed for Ka-band application. The multilayer dual mode filter has been firstly realized only by adjusting the coupling aperture located in input/output port and between layers. The position and size of coupling aperture can determine the coupling amount between two degenerate modes. This novel filter is very compact, and the simulated results prove it has the advantages of return loss, very low insertion loss, high selectivity ,what's more it can be found that the upper side response of the filter are very steep.
I. INTRODUCTION
Wireless communication systems are developing gradually towards millimeter wave band. Compact devices with low profile and high performance are required in many millimeter wave systems. Substrate integrated waveguide (SIW) dual mode filter has asymmetry characteristic. It can realize very sharp transition by using less number of cavities [1] . However, by taking size, Q-factor and design flexibility into account, SIW filters with circular cavities are reported in [2] and [3] .
More recently, special attention has been paid to multilayer cross-coupled substrate integrated waveguide (SIW) filters using low-temperature co-fired ceramic (LTCC) technology [4] . Accordingly, multilayer filter with dual mode character is very attractive candidate to satisfy the requirements in miniaturized circuit [5] [6] .
In this paper, multilayer filter with dual mode character has been firstly realized by the coupling aperture located in input/output port and between layers. The position and size of coupling aperture can determine the coupling amount between two degenerate modes. It is then possible to control the bandwidth and the rejection level by adjusting the size of the arc-shaped slot. The novel structure is very compact and easily achieved by normal multilayer PCB or LTCC technologies. 
II. FILTER ANALYSIS AND DESIGN

A. Dual Mode SICC Principle
It is well known that the resonant frequency (unloaded) of mode for circular cavity with solid wall can be calculated by [7] TE mnp (1) TM mnp where µ r and r are relative permeability and permittivity of the filling material, µ mn and µ' mn is the nth roots of m th Bessel function of the first kind and its derivative, R is the radius of circular cavity with solid wall, and c is the speed of light in free space. So the corresponding resonant frequency of TM 110 is derived from formula (1). (2) The radius of the SICC can be obtained according to the formula (2). And then the solid wall is replaced by metallic vias under guidelines of [5] and [6] .
B. Multilayer Dual-mode SICC Filter
As shown in Fig.1 (a) and (b), there are two substrate layers. First and second layer is used for input/output port. Two dual mode cavity resonators are connected through arc-shaped coupling slot in metal layer 2. By adjusting the size of the arcshaped slot, the coupling between first and second resonators can be controlled. Dual mode character can be easily achieved by changing the angle between the coupling slot and input/output port. As shown in fig.2 . (a) and (b), a dual-mode SICC filter with three layers has been achieved to improving the performance of the filter. First and last layer is used for input/output port. Three dual mode cavity resonators are connected through arcshaped coupling slot in metal layer 2 or 3. It is similarly to control the bandwidth and the rejection level by adjusting the size of the arc-shaped slot.
C. Design Considerations
Two poles and two transmission zeros can be found in the response of a dual-mode filter with single circular cavity [1] .
Two poles below the zero Z 1 are denoted as P 1 and P 2 , respectively, which can be used to control the bandwidth of the passband. The first zero near the passband is denoted as Z 1 , which is approximately equal to the eigenfrequency of the cavity TM 110 mode. Being so close to the passband, zero Z 1 is very helpful to realize a steeper upper side response. The second pole P 2 is near the zero Z 1. The space between the zero Z 1 and pole P 2 decides the rolloff slope in the transition band.
r r
As shown in Fig.1and Fig.2 , the waveguide located in input/output port can be used to suppress some undesirable response spur and improve the lower stop band characteristic.
Form the above discussion, the conclusion can be reached that only a few parameters must be concerned, such as the angel between coupling slots, the width of coupling slots W C and W S , , the radius of the circular cavity R.
According to Fig. 2 , for a given angle , proper parameter W C /R is limited in a relatively narrow interval. Beyond the limit, either the dual-mode character disappears or the reflection loss worsens. Generally, smaller and/or smaller W C /R corresponds to narrower bandwidth and narrower space.
In addition, the proper parameter W C and W S assure more poles not to overlap and achieve better response character in passband. The coupling aperture size determines the amount of coupling for each mode. Fig.3 and Fig.4 illustrate the coupling for the TM 110 mode when we vary the coupling aperture size W S and . As we can see, the coupling increases when the aperture size is increased. It is then possible to control the bandwidth and the rejection level. When the aperture size is changed, the position of P 1 , P 2 and Z 1 is also modified in frequency because the amount of reactance introduced by the aperture has been changed.
D. Coupling Aperture
As shown in Fig.3 and 4 the distance between the zero Z 1 and pole P 2 decreases evidently with the width of coupling . Additionally, the other zero Z 2 is independent of the eigenmodes. The distance between Z 2 and the centre frequency f 0 enlarge as the angle increased. It can be seen that the zero Z 2 is determined just by selecting the angel between coupling slots. To suppress the undesirable spur, the angle should be adjusted carefully to assure the second Z 2 just over the spur. Generally, smaller or corresponds to narrower bandwidth and more rolloff slope in transition band.
III. SIMULATION RESULTS
To verify the theoretical conclusions above, we designed multilayer dual-mode SICC filter with two or three circular cavities fabricated with standard PCB process. Both of the filters are designed with the same bandwidth and central frequency. After optimization with Ansoft HFSS, the geometry parameters of the proposed filter working in the frequency range 22-34 GHz are listed in Table I and II. The substrate used for the dual-mode filter is Rogers 5880 with relative permittivity of 2.2 and height of 0.508 mm.
As shown in figure 6 , the proposed filter has a center frequency of 27.5GHz with a bandwidth of 0.85GHz, and it has a finite transmission zeros at 29.5 GHz . The maximum return loss of the proposed filter is 20dB over pass band and the insertion loss is 1.8dB.
As shown in figure 7 , the proposed filter has a center frequency of 27.3GHz with a bandwidth of 0.85GHz, and it has a finite transmission zeros at 28.3 GHz.
The maximum return loss of the proposed filter is 18dB over pass band and the insertion loss is 2dB. Obviously, steeper rolloff slope and improved response in the transition band lead to better selectivity than two cavities.
IV. CONCLUSION
A novel multilayer dual-mode SICC filter has been designed. Two transmission zeros can be created in this filter, which improve the selectivity of the filter to some extent. The simulated results prove the proposed structure has high frequency selectivity.
The novel structure with good performance is very compact and easily achieved by normal multilayer PCB and LTCC technologies. r Multilayer dual mode SICC filter has been firstly realized only by adjusting the coupling aperture located in input/output port and between layers. It is then possible to control the bandwidth and the rejection level by adjusting the size of the arc-shaped slot. This new structure filter is well suited for microwave and millimeter wave applications.
